A number of novel DNA nucleobase derivatives containing chalcogens (S, Se and Te) has been synthesized in satisfactory yields.
Introduction
Selenium, an essential micronutrient for humans and animals, [1] [2] [3] [4] [5] [6] is a trace element nutrient that functions as selenocysteine for the reduction of antioxidant enzymes such as glutathione peroxidases, 7, 8 thioredoxin reductase, 9 and thyroid hormone deiodinases. 10 The entire selenoprotein gene population, designated the selenoproteome, has been identified in humans and rodents, 11 and numerous selenoprotein genes have functions in development and health. 12 Selenoproteins are also involved in different human genetic disorders. 12 The antioxidant activity of selenium plays a protective role in 50 human diseases, including prostate, lung, and intestine/colon cancer, immunodeficiency, and heart diseases. [13] [14] [15] [16] It is well known that adenine moiety provides the hydrogen bond with a variety of biological molecules and contributes to the diverse biological functions such as molecular recognition in DNA replication and protein biosynthesis. 17 Adenine derivatives substituted in position 9 have potent cyclic nucleotide phosphodiesterase (PDE) inhibition properties with high selectivity toward PDE-4. 18 For instance, the 9-(2-fluorobenzyl)-N 6 -methyladenine has been found to be used as a potent anticonvulsant, 19 anxiolytic and sedative properties, 20 and was a relatively potent PDE-4 inhibitor (IC50-2.0 mM). 21 Furthermore, initial structure activity relationship (SAR) studies around 9-substituted adenine derivatives allowed us to identify 9-(2-fluorobenzyl)-N6-methyl-2-trifluoromethyladenine, as a potent PDE-4 inhibitor (IC50-0.042 mM), with a high selectivity vs PDE-3. 21 Moreover, 9-(2-fluorobenzyl)-N6-methyl-2-trifluoromethyladenine elicited also anti-inflammatory properties, 22 and marked dosedependent inhibition of arachidonate release from human mononuclear cells stimulated with N-formyl-Met-Leu-Phe, a suitable model to investigate the in vitro anti-inflammatory activity of PDE-4 inhibitors. 23 In addition, 9-(2-fluorobenzyl)-N6-methyl-2-trifluoromethyladenine and several 9-substituted adenine derivatives elicited a concentration-dependent inhibition of the TNFa release from mononuclear cells stimulated with lipopolysaccharide (LPS). 23 To our knowledge, chalcogen-containing derivatives substituted in position 9 have not been reported. In this paper, we report the synthesis of a series of chalcogen-containing adenine derivatives substituted in position 9 and two related X-ray single crystal structures.
Results and Discussion
9-(2-Bromoethyl)adenine (2) was obtained from unprotected adenine (1) according to the literature method. 24 Starting from unprotected adenine (1) , selective alkylation with dibromoethane in the presence of dry K 2 CO 3 in DMF gave the derivative 2 in 45% isolated yield. 2 was applied to the synthesis of many kinds of chalcogen-containing molecules as a starting material as shown in Scheme 1. Reaction of 2 with 0.5 equiv of sodium selenide or sodium telluride in DMF at room temperature for 40 h gave the corresponding 9,9'-(selenobis(ethane-2,1-diyl))bis(9H-purin-6-amine) (3) and 9,9'-(tellurobis(ethane-2,1-diyl))bis(9H-purin-6-amine) (4) in respective 95% and 68% yields. The reactions can be accelerated by warning up the reaction solutions; however, brown selenium or dark tellurium being found in the resulting suspension resulted in reduced yields. Furthermore, lower yields were obtained when the reactions were carried out in ethanol/THF (50/50, v/v), DMF seemed to perform much better. The use of an excess of 9-(2-bromoethyl)adenine also improves yields and conversions. Treating a suspension of potassium selenocyanate with 9-(2-bromoethyl)adenine in dry acetone at 60°C led to the formation of 9-(2-selenocyanatoethyl)adenine (5) in 93% yield. Reacting
A R T I C L E I N F O
A B S T R A C T diphenyldisulfide or diphenyldiselenide with a excess of NaBH 4 in dry THF/EtOH at room temperature, followed by addition of 9-(2-bromoethyl)adenine followed by stirring at room temperature for 24 h gave rise to 9-(2-(phenylthio)ethyl)adenine (6) and (9-(2-(phenylselanyl)ethyl)adenine (7) 95% and 80% yields respectively. It is noteworthy that the sulfur starting material proved to be more reactive than its selenium analogue.
In addition, the reaction of 9-(2-bromoethyl)adenine with an equivalent of 1-(naphthalen-2-yl)-2-selenocyanateethanone, which was obtained from a modified literature method, 25 and NaBH 4 in dry THF/EtOH gave 2-((2-(6-amino-9H-purin-9-yl)ethyl)selanyl)-1-(naphthalen-2-yl)ethanone (8) in 99% yield. Similarly, 11-((2-(6-Amino-9H-purin-9-yl)ethyl)selanyl)undecan-1-ol (9) was formed from 11-selenocyanatoundecan-1-ol with 9-(2-bromoethyl) adenine under the identical reaction conditions in 99% yield. Both reactions are very straightforward. Furthermore, the reaction of 9-(2-bromoethyl)adenine with one equivalent of potassium selenocyanate in ethanol, followed by the hydrolysis with aqueous solution of NaOH produced 2-(6-amino-9H-purin-9-yl)ethyl diselane (10) from in 87% yield.
Scheme 1.
Synthesis of a series of new selenium-containing derivatives 2 -10 of adenine
The synthesis of 9-(2-((2-bromobenzyl)selanyl)ethyl)adenine (11) can be achieved from 9-(2-bromoethyl)adenine by two routes as shown in Scheme 2 . Stirring a suspension of 1,2-bis(2-bromobenzyl)diselane (which was prepared following a literature method 26 ) with NaBH 4 and 9-(2-bromoethyl)adenine in a dry mixed medium of THF/EtOH (1 : 1) at room temperature for 20 h led to the formation of 9-(2-((2-bromobenzyl)selanyl)ethyl)adenine (11) in 86% yield. Alternately, mingling 1-bromo-2-(selenocyanatomethyl)benzene with NaBH 4 and 9-(2-bromoethyl)adenine in dry THF/EtOH (1 : 1) at room temperature for 20 h gave the same product in 61% yield. It is noteworthy that 1,2-bis(2-bromobenzyl)diselane proved to be more efficient starting material than 1-bromo-2-(selenocyanatomethyl)benzene for the synthesis of the targeted product with high yield. Both reactions resulted in the expected products without noticeable byproduct.
Breaking the four-membered ring in Woollins' reagent with two molar equivalents of sodium alkanolates formed the sodium O-alkyl phenylphosphonodiselenoates 12 -14 in high yields, 27 the latter were stirred with an equivalent of 9-(2-bromoethyl)adenine in dry THF overnight at room temperature to generate Se-(2-(6-amino-9H-purin-9-yl)ethyl) O-alkyl phenylphosphonodiselenoates 15 -17 in 69% -87% yields, respectively, as shown in Scheme 3. To reduce the probability of any diselenide byproduct formation, these reactions were performed in an inert atmosphere. It is noteworthy that neither coupling of two O-alkyl phenylphosphonodiselenoate molecules nor decomposed selenium were detected.
Compounds 3 -11, 15 -17 were spectrally characterized by multi-nuclear NMR and IR spectroscopy and accurate mass measurement. All of new compounds showed the anticipated molecular ion peaks [ Single crystals of 16 (colorless) and 17 (colorless) obtained from diffusion of hexane into dichloromethane solutions of the compounds in air at room temperature were investigated by X-ray diffraction methods and the structures of two compounds were determined. 28 The structures of 16 ( Figure 1a ) and 17 ( Figure 2a ) are in the triclinic space group P-1 though 17 contains two independent molecules. The structural conformations have the phenyl ring and the adenine ring inclined to one another at 75.85° for 16 and 55.45° for 17. The P(1)-Se(1)-Se(2) mean planes are nearly perpendicular to the Se(1)-C-C mean planes (88.26° for 16 and 86.35° for 17). The P(1)-Se(1) and P(1)-Se (2) In conclusion, a series of new chalcogen-containing derivatives of DNA nucleobases having the adenine functionality were successfully prepared and characterized. Reaction of 9-(2-bromoethyl) adenine with sodium selenide, sodium telluride, potassium selenocyanate, diphenyldisulfide/ NaBH 4 , diphenyldiselenide/ NaBH 4 , 1-(naphthalen-2-yl)-2-selenocyanateethanone and 11-selenocyanatoundecan-1-ol with 9-(2-bromoethyl) adenine resulted in the corresponding chalcogen-containing heteroatom compounds in good to excellent yields. Furthermore, treating 9-(2-bromoethyl) adenine with three Woollins' reagent derivatives of alcohols led to the expected formation of three phosphorus-selenium heteroatom compounds in excellent yields. The new chalcogen-containing DNA nucleobases derivatives might provide a valuable addition to the library of selenium-containing heteroatom compounds known.
Experimental section

General
Tetrahedron 4
Unless otherwise stated, all reactions were carried out under on oxygen free nitrogen atmosphere using pre-dried solvents and standard Schlenk techniques, subsequent chromatographic and work up procedures were performed in air. 1 31 with SHINE optic using Mo Ka radiation (k = 0.71073 A). The data were corrected for Lorentz, polarisation and absorption. The data was collected and processed using CrystalClear (Rigaku). 32 The structures were solved by direct methods 33 and expanded using Fourier techniques. 34 Hydrogen atoms were refined using the riding model. All calculations were performed using the CrystalStructure 35 
Synthesis of 9,9'-(Selenobis(ethane-2,1-diyl))bisadenine (3).
A mixture of sodium selenide (0.127 g, 1.0 mmol) and 9-(2-bromoethyl)adenine (0.482 g, 2.0 mmol) in 10 mL of dry DMF was stirred at room temperature for 40 h. Upon filtering to remove the solid the filtrate was washed by water and extracted with dichloromethane (3x50 mL). The combined organic layer was dried over Na 2 SO 4 . After evaporative removal of solvent the crude product was purified by column chromatography (silica gel) with 15% MeOH in dichloromethane as eluent to give 0.385 g as a peach yellow solid in 95% yield. Mp. 193 -195°C. Selected IR (KBr, cm 
-diyl))bisadenine (4).
A suspension of sodium telluride (0.176 g, 1.0 mmol) and 9-(2-bromoethyl)adenine (0.482 g, 2.0 mmol) in 10 mL of dry DMF was stirred at room temperature for 40 h. Upon filtering to remove the solid the filtrate was washed by water and extracted with dichloromethane (3x50 mL). The combined organic layer was dried over Na 2 SO 4 . After evaporative removal of solvent the crude product was purified by column chromatography (silica gel) with 15% MeOH in dichloromethane as eluent to give 0.310 g as a mustard yellow solid in 68% yield. Mp. 196 -198°C. Selected IR (KBr, cm 
Synthesis of 9-(2-Selenocyanatoethyl)adenine (5).
A suspension of potassium selenocyanate (0.145 g, 1.0 mmol) in 30 mL of dry acetone was heated to 60°C, and 9-(2-bromoethyl)adenine (0.241 g, 1.0 mmol) in 5 mL of dry acetone was slowly added dropwise. The resulting mixture was stirrred at 60 °C for another 7 h. Upon cooling to room temperature the mixture was hydrolysed (10 mL water) and extracted with diethyl ether (2 x 30 mL). The ethereal layers were combined and dried over MgSO 4 overnight. The solvent was evaporated in vacuo and the residue was purified by silica gel column (dichloromethane as eluent) to give 0.250 g as a pale purple solid in 93% yield. Mp. 210 -212°C. Selected IR (KBr, cm 
Synthesis of 9-(2-(Phenylthio)ethyl)adenine (6).
A suspension of diphenyldisulfide (0.107 g, 0.5 mmol) and NaBH 4 (0.041 g, 1.1 mmol) in 30 mL of dry THF and 5 mL of dry EtOH was stirred at room temperature until a pale yellow solution was formed, then 9-(2-bromoethyl)adenine (0.241 g, 1.0 mmol) was added. The mixture was stirred at room temperature for 24 h. Upon evaporating to remove solvent the residue was purified by silica gel column (1 : 4 methanol/dichloromethane as eluent) to give 0.256 g as a white solid in 95% yield. Mp. 150 -152°C. Selected IR (KBr, cm 
Synthesis of (9-(2-(Phenylselanyl)ethyl)adenine (7).
A suspension of diphenyldiselenide (0.156 g, 0.5 mmol) and NaBH 4 (0.041 g, 1.1 mmol) in 30 mL of dry THF and 5 mL of dry EtOH was stirred at room temperature until a pale yellow solution was formed, then 9-(2-bromoethyl)adenine (0.241 g, 1.0 mmol) was added. The mixture was stirred at room temperature for 24 h. Upon evaporating to remove solvent the residue was purified by silica gel column (1 : 4 methanol/dichloromethane as eluent) to give 0.256 g as a white solid in 80% yield. Mp. 149 -150°C. Selected IR (KBr, cm 
Synthesis of 2-((2-(6-Amino-9H-purin-9-yl)ethyl)selanyl)-1-(naphthalen-2-yl)ethanone (8).
A suspension of potassium selenocyanate (1.50 g, 10.3 mmol) in 30 mL of dry acetone was heated to 60 °C, and 2-bromo-1-(naphthalen-2-yl)ethanone (2.125 g, 8.57 mmol) in 10 mL of acetone was slowly added dropwise. The resulting mixture was stirred at 60 °C for another 5 h. Upon cooling to room temperature the mixture was hydrolysed (10 mL water) and extracted ether (2 x 30 mL). The ethereal layers were combined and dried over MgSO 4 overnight. The solvent was evaporated in vacuo and the residue was purified by silica gel column (dichloromethane as eluent) to give 2.74 g as a pale yellow solid in 99% yield. Mp. 100 -102°C. Selected IR (KBr, cm 
3.2.7.
Synthesis of 1-((2-(6-Amino-9H-purin-9-yl)ethyl)selanyl)undecan-1-ol (9).
A mixture of potassium selenocyanate (2.88 g, 20 mmol) in 50 mL of dry acetone was heated to 60 °C, and 2-bromo-11undecanol (5.04 g, 20 mmol) in 20 mL of acetone was added dropwise to the mixture. The resulting mixture was stirredat 60 °C for another 5 h. Upon cooling to room temperature the mixture was hydrolysed (30 mL water) and extracted with diethyl ether (2 x 50 mL). The ethereal layers were combined and dried over MgSO 4 overnight. The solvent was evaporated in vacuo and the residue was purified by silica gel column chromatography (dichloromethane as eluent) to give 5.50 g as a pale yellow oil in 99% yield. Selected IR (KBr, cm A suspension of 11-selenocyanatoundecan-1-ol (0.277 g, 1.0 mmol) and NaBH 4 (0.041 g, 1.1 mmol) in 30 mL of dry THF and 5 mL of dry EtOH was stirred at room temperature until a pale yellow solution was formed, then 9-(2-bromoethyl)adenine (0.241 g, 1.0 mmol) was added. The mixture was stirred at room temperature for 20 h. Upon evaporating to remove solvent the residue was purified by silica gel column chromatography (1  :  4 
Synthesis of 2-(6-Amino-9H-purin-9-yl)ethyl diselane (10).
To a suspension of 9-(2-bromoethyl)adenine (0.723 g, 3.0 mmol) in 50 mL of dry ethanol was added potassium selenocyanate (0.541 g, 3.75 mmol) at 20°. The mixture was stirred at that temperature for 4 h. Then, an aqueous solution of NaOH (0.24 g, 6.0 mmol in 10 mL of water) was added to the mixture and stirring was continued for another 2 h. After extraction with dichloromethane (30 mL x 3) and washing with water (20 mL x 3), the organic layer was dried over 
9-(2-((2-Bromobenzyl)selanyl)ethyl)adenine (11).
Method 1: 1,2-Bis(2-bromobenzyl)diselane was prepared by a modified literature method. 26 A suspension of 1,2-bis(2-bromobenzyl)diselane (0.250 g, 0.5 mmol) and NaBH 4 (0.041 g, 1.1 mmol) in 30 mL of dry THF and 5 mL of dry EtOH was stirred at room temperature until a pale yellow solution was formed, then 9-(2-Tetrahedron 6 bromoethyl)adenine (0.241 g, 1.0 mmol) was added. The mixture was stirred at room temperature for 20 h. Upon evaporating to remove solvent the residue was purified by silica gel column (1 : 4 methanol/dichloromethane as eluent) to give 0.354 g as an yellowish white solid in 86% yield. Method 2: A mixture of 1-bromo-2-(selenocyanatomethyl)benzene (0.275 g, 1.0 mmol) and NaBH 4 (0.041 g, 1.1 mmol) in 30 mL of dry THF and 5 mL of dry EtOH was stirred at room temperature until a pale yellow solution was formed, then 9-(2-bromoethyl)adenine (0.241 g, 1.0 mmol) was added. The mixture was allowed to stir at room temperature for 20 h. Upon evaporating to remove solvent the residue was purified by silica gel column (1 : 4 methanol/dichloromethane as eluent) to give 0.250 g as an yellowish white solid in 61% yield. Small pieces of sodium (0.046 g, 2.0 mmol) were stirred in alcohol (30 mL) at room temperature until fully dissolved. To this solution Woollins' reagent (0.54 g, 1.0 mmol) was added and heated at 60 °C for 15 min. The reaction mixture was allowed to cool to room temperature and the resulting yellow solution was filtered through a small Celite pad. The filtrate was dried under vacuum and 30 mL of THF was added. To this solution 9-(2-bromoethyl)adenine (0.2482 g, 2.0 mmol) was added and the mixture was stirred at room temperature overnight. The resultant mixture was filtrated to remove solid and the filtration was dried in vacuo, the residue was purified by silica gel column (5% methanol/95% DCM) to give the corresponding products 15 -17. 
